A phonetic contrast that seems completely unmistakable to a speaker whose native language contains that contrast may seem completely unintelligible to an otherwise competent speaker whose native language does not contain that contrast. This striking phenomenon has provided the basis for theorizing about whether speech perception abilities are innate or acquired (e.g., Best, 1994; Strange, 1995; Werker, 1994) and for practical efforts to improve the abilities of nonnative speakers (e.g., Bradlow, Pisoni, Akahane-Yamada, & Tohkura, 1997; Pisoni, Lively, & Logan, 1994) . The present research examines the perception of both natural and synthetic speech in order to precisely measure the perceptual difficulty experienced by some native Japanese speakers in the perception of English /r/ and /l/. A psychophysical model is developed that characterizes the degree to which native and nonnative speakers base their phonetic classifications of synthetic speech stimuli on F 3-onset frequency and on F1-transition duration and how they integrate information from these two cues. The ability of individual Japanese speakers to use these cues is shown to strongly predict their accuracy in identifying natural speech stimuli.
American English speakers perceive a synthetic /r/-/l/ continuum categorically, but many Japanese speakers do not (MacKain, Best, & Strange, 1981; Miyawaki et al., 1975; Yamada & Tohkura, 1991) . This pattern is systematic with Japanese speakers who have had more experience with English, perceiving an /r/-/l / continuum more categorically than less experienced speakers, but still not as categorically as Americans (MacKain et al., 1981) . Japanese speakers also tend to hear some synthetic /r/-/l/ stimuli as /w/; when that judgment is taken into account, their perception of a synthetic /r/-/l/ continuum is more categorical (Yamada & Tohkura, 1991) .
The role of the F 3-onset frequency and F1-transition duration cues in categorization and discrimination has been studied within the trading-relations framework (Polka & Strange, 1985; Underbakke, Polka, Gottfried, & Strange, 1988) . In this framework (Repp, 1983) , the effect of differences on two acoustic dimensions is compared when those differences both have the same effect on the categorization of the two to-be-discriminated stimuli (e.g., making one more /r/-like and the other more /l/-like) and when they have opposite effects. The paradigm provides a way of determining whether discrimination occurs before or after categorization. Polka and Strange (1985) found that American speakers discriminate /r/ and /l / after integrating information from F 3-onset frequency and F1-transition durations. Underbakke et al. (1988) found that Japanese speakers who are skilled at /r/-/l/ perception also perform discriminations after phonetic integration, whereas less skilled Japanese speakers differ from Americans in their discrimination of /r/ and /l/.
Japanese speakers' ability to perceive /r/ and /l/ depends on position within a word (Pisoni et al., 1994; Sheldon & Strange, 1982) . For Japanese speakers, discriminating /r/ and /l / in consonant clusters causes the greatest difficulty, whereas discrimination of /r/ and /l/ in word-final position is very good, almost as good as it is for Americans. Word-initial position and medial intervocalic position are also difficult for native Japanese speakers. Response times to identify /r/ and /l / are also slower for clusters and medial positions, whereas response times are fastest for word-final position (Pisoni et al., 1994) . This pattern of response times further supports the conclusion that consonant clusters are the hardest environment for native Japanese speakers to perceive /r/ and /l /, whereas word-final position is the easiest.
Training in the laboratory is effective in helping native Japanese speakers perceive the /r/-/l/ distinction. To be effective, the training must employ tokens of natural /r/ and / l / from several talkers (Lively, Logan, & Pisoni, 1993; Logan et al., 1991) rather than from synthetic speech (Strange & Dittmann, 1984) . This improvement in the perception of /r/ and /l / that results from training also leads to improvement in the ability to produce /r/ and /l/ (Bradlow et al., 1997) . Such improvements due to laboratory training in the ability to perceive and produce /r/ and /l / have been found to persist over several months (Bradlow, Akahane-Yamada, Pisoni, & Tohkura, 1999) . The contrast between results of training with synthetic speech and results of training with multiple tokens of natural speech has supported the conclusion that training does not cause Japanese subjects to learn context-independent information, such as phonemes, but, instead, causes them to learn context-specific information about the properties of /r/ and /l / (Pisoni et al., 1994 ). An alternative possibility is that synthetic speech, because it does not sound completely natural, does not fully tap the processing mechanisms that are used in categorizing natural speech.
The Combination of Acoustic Cues in Phonetic Perception
In experiments on the perception of synthetic speech, listeners are presented with a series of trials on which they are asked to classify a stimulus as belonging to one of a small number of linguistic categories; across trials, the acoustic composition of the stimuli is varied. The acoustic basis of the linguistic distinction is then studied using the proportion of responses as a function of the acoustic characteristics of the stimulus. Some researchers have interpreted the proportion classification directly in making inferences about perceptual processes (e.g., Miller, 1977; Polka & Strange, 1985) . However, an important paper on modeling the perception of speech by Oden and Massaro (1978) showed that different acoustic features contribute independently to the identification of phonetic segments, despite apparent interactions of those cues when the response proportions are examined directly.
When modeling how acoustic cues contribute to the perception of the binary distinction that makes up a minimal linguistic contrast, response proportions emerge from placing a criterion on an S-shaped function of an underlying phonetic scale (Nearey, 1990) . The S-shaped function may be either a cumulative normal distribution, if the model is based on signal detection theory (Green & Swets, 1966) , or a logistic function, if the model is based on choice theory (Luce, 1959) . For practical purposes in psychological research, these two types of functions usually yield equivalent fits (Macmillan & Creelman, 1991) . Because the underlying phonetic scale has interval properties, it can be far easier to interpret than the observed response proportions. For example, the demonstration by Oden and Massaro (1978) that, in many cases, information from different acoustic cues contributes independently to phonetic classification results from those acoustic cues being additive on the underlying phonetic scale (McClelland, 1991) .
The issue of whether different sources of evidence about the identity of phonetic segments are combined in an independent (additive) or interactive manner has been a source of empirical controversy. 1 Extensive work by Oden and Massaro (1978; Massaro, 1987; Massaro & Oden, 1980) has found evidence that different acoustic cues are combined independently across a wide range of types of information (i.e., acoustic cues, speaking rate, and lexical identity) to many phonetic categories. In contrast, Pitt (1995b) has presented evidence that lexical evidence and acoustic evidence combine in an interactive manner. The question of who is correct depends in part on the technique that is used for parameter estimation in fitting independent and interactive models (Massaro & Oden, 1995; Pitt, 1995a) . Two additional points are relevant. The first is that there need not be a general answer: Combination may be independent in some cases and interactive in others. The second has to do with the particular goals in assessing the two types of models: Independent combination may account for most of the variance in classification patterns, whereas interactive combination accounts for relatively little. The question of whether interactive combination contributes little to phonetic classification or whether it contributes nothing at all is important if the goal of the work is to falsify a general class of models. It is less important if the goal is to use classification performance to predict other aspects of perception.
The Present Study
In this experiment, we examined the identification of natural and synthetic speech by native speakers of American English and native speakers of Japanese who became immersed in English through residence in the United States only after adolescence. The experiment addressed three goals. The first was to evaluate models for how information from F 3-onset frequency and F1-transition duration is used by American English speakers in identifying synthetic speech stimuli; the second was to evaluate models for how native Japanese speakers use information about F 3-onset frequency and F1-transition duration in identifying synthetic speech stimuli. Progress on these two goals provides evidence about the applicability of independent (additive) and interactive models of cue combination in the perception of the contrast between /r/ and /l /. The third goal was to examine whether variation in ability among native Japanese speakers in correctly identifying naturally produced tokens of /r/ and /l / is related to their use of F 3-onset frequency and F1-transition duration in identifying synthetic speech stimuli. Success in this goal provides a way of validating models of cue combination in synthetic speech in an independent domain. It also provides evidence about the perceptual basis of phonetic classification of nonnative contrasts and about the validity of using synthetic speech stimuli to study perception of nonnative contrasts.
METHOD Subjects
Twelve Americans and 12 Japanese were recruited from the University of North Carolina community for participation in the experiment. The American subjects were recruited with posted notices; the Japanese subjects were recruited through contacts in the community and in an ESL class. The subjects were paid $5 for their participation in the experiment.
Responses to a language-experience questionnaire, given to the Japanese subjects, are shown in Table 1 . As can be seen, there was substantial variation among the subjects in English language experience, but none of the subjects had experience using English conversationally prior to 14 years of age.
Natural Speech Stimuli
The stimuli consisted of four minimal pairs contrasting /r/ and /l/ in four different positions within the word, for a total of 16 minimal pairs. These were the same minimal pairs used in Sheldon and Strange (1982) and Strange and Dittmann (1984) , with the exception of one new pair, car-call. It replaced a pair in Sheldon and Strange's study, war-wall, which is not actually a minimal pair in some dialects, including the dialects of the speakers in this experiment. The minimal pairs contrasted /r/ and /l/ in initial prevocalic, consonant cluster, medial intervocalic, and final postvocalic positions. Eight other minimal pairs not contrasting /r/ and /l/ were used as fillers. The minimal pairs are listed in Table 2 .
Four speakers of American English, 2 males and 2 females, pronounced the words. All 4 speakers were graduate students at the University of North Carolina. Each speaker read each word three times, and the experimenter chose the clearest sounding token of each word from each speaker for use in the experiment. Each speaker produced 32 test words plus 16 fillers, for 48 tokens in all. The Note-The subjects are ordered from best performing to worst performing in terms of their performance in identifying the natural /r/-/l/ stimuli in nonfinal positions.
speakers were given no special instructions on how they should pronounce the words. The utterances were recorded using a Shure SM59 microphone and Sony DAT recorder (Model 670) onto digital audio tape. The stimuli were subsequently digitized at a 10-kHz sampling rate using 16-bit samples on a Kay Elemetrics CSL system. The test words and fillers were arranged into four blocks and were recorded onto digital audio tape. Each block contained one token of each test word, for a total of 32 test words per block. Sixteen fillers were also placed in each block. Within each word position, one speaker produced both members of a minimal pair, and each of the 4 speakers produced one minimal pair in each word position in an individual block. The speakers then rotated minimal pairs throughout the blocks. Within each block, the 48 words (test words and fillers) were randomized.
Synthetic Stimuli
A /ra /-/la / series, based on the one described by Polka and Strange (1985) , was created with a Klatt synthesizer (Sensimetrics version). The starting frequency of F 3 and F 2 and the duration of the F1 transition were varied. Both F 3-onset frequency and F1 transition were varied in seven equal steps, as shown in Figure 1 . F 2 was varied concurrently with F 3. F 3-onset frequency ranged from 1477 to 2594 Hz and was varied in seven almost equal steps of 186 or 187 Hz. F 2 onset varied from 1067 to 1207 Hz and was varied in seven steps of 23 or 24 Hz. F1 steady state was also varied in seven almost equal steps. F1 steady state ranged from 10 to 56 msec and was increased in roughly 8-msec steps, resulting in an F1-transition duration that ranged from 55 to 9 msec.
F 3 onset and F1 transition were varied independently of each other to produce a total of 49 stimuli. These 49 stimuli were randomized and presented once in each of 10 blocks. Thus, each subject heard each stimulus item 10 times through the course of the experiment. The first block of 49 trials was considered a warm-up and was not analyzed in the model fitting.
Procedure
The Japanese subjects first completed the language-experience questionnaire, followed by identification of the natural speech stimuli, and then identification of the synthetic speech stimuli. The procedure was the same for the American subjects, except that they did not fill out the language-experience questionnaire. The subjects were tested individually in a quiet room. The entire session took approximately 1 h.
The natural stimuli were presented at a comfortable listening level over Sony MDR 7506 headphones. For each trial, the preprinted response sheet showed the stimulus word and its mate in the minimal pair. The word containing /r/ was always printed first. The subjects were instructed to circle the word on the response sheet that corresponded to the word they heard on the tape. In the synthetic speech section of the experiment, the subjects were told that they would hear a syllable, either ra or la, and to circle "R" or "L" on the answer sheet corresponding to which sound they heard on the tape. The subjects were instructed to guess if necessary.
Modeling the Data
Logit models. In order to provide a quantitative account of perception of the synthetic speech sounds, logit models were fit to the Step 1 is the most /r/-like, and Step 7 is the most /l /-like. data for each subject. Modeling began with the following basic form of the logit model (Wickens, 1989) : (1) where g i and h j represent the effects of F1 and F 3, respectively, on the probability of responding /r/. Notice that Equation 1 is the usual logistic regression model, but without the imposition that levels of F1 and F 3 have a linear effect on the logit transform of probability of responding /r/. This allows for the possibility that the perceptual impact of each level difference is not exactly equivalent. If this model does not fit for a particular individual, then it implies that interaction terms may be needed in the model. However, previous results from Oden and Massaro (1978) suggest that a logit model without interaction terms may be sufficient to account for the data. If the logit model described in Equation 1 does provide a good fit of the data, then we may use the chi-square test for individual effects to examine whether individual component effects, F1 and F 3, have significant contributions to the model.
To get a better understanding of Equation 1, one can rewrite it into the following equivalent form: However, model-fitting techniques for Equations 1 and 2 are very different from those for ANOVA. In our modeling, we will use the weighted least square (WLS) technique. 2 If all individuals within a country could be described by Equation 2 (or Equation 1), it is tempting to fit a single model containing all individuals. A preliminary group model for this purpose is
where b k is an individual parameter representing individual biases in responses (as compared with the entire group).
Alternative models. The additive logit model, described above, provides a basic accounting of the pattern of responses that is easily interpretable. However, it may not be the most precise model possible for the responses of every individual. Our modeling strategy included investigation of whether simpler models can explain the phenomena equally well. Figure 2 shows a hierarchy of possible models that could be fit to the data (Wickens, 1989) . The topmost model is the most restrictive "intercept model," and the bottommost is the saturated model in which interaction effects and main effects are all included. The intercept model implies that the stimulus characteristics have no effect on classification and that a subject's responses are determined purely by response bias and chance. In the "direct" models, the levels of a stimulus feature (F1 or F 3 in this case) have an impact on classification, with the difference between adjacent levels of a feature being a constant given by the slope parameter. When both features are treated in this way, then the resulting model is standard logistic regression. In the nominal models, the levels of a stimulus have an impact on classification, but, in contrast to the direct model, the difference between levels of a feature is not fixed but instead is determined by a set of parameters that are free to vary. When both features are treated in this way, the resulting model is the additive logit model. In the fully saturated model, interaction terms are added to the logit model. Essentially, this model amounts to a reparameterization of the observed data and is equivalent to a model in which there is a unique template for every stimulus.
Good fit of the data by the logit model, which is located just above the saturated model in Figure 2 , indicates that no interaction for F1 and F 3 need to be considered. This is shown statistically by the results of the chi-square goodness-of-f it tests, which, in essence, compare the logit model against the saturated model. The question of whether simpler models, located above the logit model, fit the data presents a problem of model search.
To test the relative fit of nested models (those connected by arrows in Figure 2) , we employed the chi-square difference test defined by
where x 0 2 and df 0 are the chi-square statistic and the degrees of freedom for the more restrictive model in question, and x 1 2 and df 1 are those of the less restrictive model in question. To gain support for the more restrictive model, x diff 2 must be insignif icant at some a level with degrees of freedom (df 0 2 df 1); otherwise, the less restrictive model is supported. Although this is a hypothesis-testing framework and the sampling distribution of the x diff 2 in model searching may not follow the prescribed distribution exactly, it still is useful as an exploratory tool for finding the "best" model.
RESULTS

Natural Speech
The mean percent correct for identifying the natural speech tokens is given in Table 3 for the American and Japanese subjects as a function of position in the word for minimal pairs contrasting /r/ and /l/ and for filler pairs that did not contrast /r/ and /l/. An ANOVA was performed on the arcsine transform of the percent correct score for each subject for each type of minimal pair. There was a significant main effect of country [F(1,22) 5 25.3, p < .001], and there was a significant interaction of country and type of minimal pair [F(4,88) 5 15.4, p < .001]. Contrasts, adjusted with the Bonferroni method, showed that the Japanese subjects did more poorly than the American subjects for minimal contrasts of /r/ and /l / at initial position [t (22) The task was trivially easy for the American subjects, who made only 3 errors out of a total of 1,536 trials involving identification of pairs contrasting /r/ and /l /. The ease of the task for the American subjects indicates that the natural speech sounds were articulated clearly enough and that the quality of the recordings was high enough to support nearly perfect recognition by competent speakers of English. Relative to the American subjects, the Japanese subjects had substantial difficulty with pairs contrasting /r/ and /l / when they were in initial, cluster, or medial position, but they had only very slightly, and nonsignificantly, greater difficulty for this distinction in final position. This pattern of results is consistent with earlier findings showing that Japanese speakers are much better able to perceive the /r/-/l/ contrast in word-final position than in other positions (Logan et Strange, 1982; Strange & Dittmann, 1984) . For present purposes, the ability of the Japanese speakers to recognize /r/ and /l / in word-final position (as well as their ability to recognize the filler pairs) indicates that the difficulty that they exhibited in recognizing /r/ and /l / in other positions was not due to a general difficulty with the task, a general lack of ability in recognizing spoken English, or an inability to recognize printed "R" and "L" on the response sheets.
Synthetic Speech Perception
The proportions of /r/ responses as a function of F 3-onset frequency and F1-transition duration are shown in Figure 3 for the American subjects and in Figure 4 for the Japanese subjects. Examination of the data for the American subjects shows that their classifications were strongly influenced by F 3-onset frequency (as shown by the decline in proportion /r/ responses from left to right) and were also strongly influenced by F1-transition duration (as shown by the separation of the lines indicating the different F1-transition durations). Examination of the data for the Japanese subjects shows that both of these stimulus dimensions influenced their judgments as well but that neither factor had as strong an influence as it did on the American subjects. Table 4A shows the results of assessing the fit of the model in Equation 1 for each American subject using the chi-square statistic, with a nonsignificant chi-square indicating a good fit. For all 12 American subjects, fitting the model described in Equation 1 produced nonsignificant chi-square values. This indicates that additive combination of the information in F1 and F 3 is sufficient and that in no case is there a need to add interaction terms for a better account of the data. However, having a model that fits well simply means that no important effects have been omitted from the model. It does not exclude the possibility that unimportant effects exist in the model.
Logit Models for American Subjects
To investigate this possibility, we examined the significance of the F1 effects and the F 3 effects for each subject. As shown in Table 4A , both F1 and F 3 effects were significant (all p values less than .01) for every American subject. Table 5A shows the effect sizes of F1 and F 3. 4 For every subject, the effect size of F 3 was greater than that of F1. This is consistent with the belief that F 3 is a more powerful cue to the distinction between /r/ and /l/ than is F1 for the range of stimulus values employed in the experiment, a range that was chosen to cover the range that appears naturally in English (Polka & Strange, 1985) .
A group model, as described in Equation 3, was then fit to the data of all the American subjects. Again, the chi- Table 4B shows the results of assessing the model in Equation 1 for the data from each Japanese subject. As with the results for the American subjects, a nonsignificant chi-square statistic was found for every Japanese subject, indicating that the model fit well and that there was no need to consider interaction terms. In contrast with the results for the American subjects, not every Japanese subject showed significant effects for the F1 and F 3 cues. These nonsignificant effects indicate that those subjects failed to use the information in the cue for purposes of classifying the synthetic speech sounds. Table 5B shows the effect sizes of F1 and F 3 for each Japanese subject; the variation it reveals among individual subjects will be addressed in the next section of the paper.
Logit Models for Japanese Subjects
A group model, as described in Equation 3, was fit for all Japanese subjects. The chi-square statistic for model fit was highly significant, indicating that the model did not provide a good account of the entire data set. This is not surprising given the substantial heterogeneity in the performance of the individual Japanese subjects. A group of Japanese subjects who were skilled at classifying the synthetic /r/ and /l/ was identified as the 7 Japanese subjects who showed significant effects of both F1 and F 3. When a group model using Equation 3 was fit to this skilled group, there was a nonsignificant chi-square statistic, indicating that the model did provide a good account of the data for those skilled subjects. The parameter estimates for F1 and F 3 for the skilled group of Japanese subjects are shown in Figure 5 . The monotone increasing 5 6) .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00 .00
Note-Values of .00 indicate p values of less than .005. trends of the estimates are similar to those observed for the American subjects. However, the magnitudes of the increases for both F1 and F 3 are substantially smaller for the skilled Japanese subjects than for the American subjects. This indicates that the American subjects made finer discriminations among levels of the F1 and F 3 cues than did the skilled Japanese subjects.
Alternative Models
All the models in the Figure 2 were fit for each subject. Then, chi-square difference tests were applied for each pair of adjacent models. Using a 5 .05, the most restrictive (simplest) model was found for each subject. The simplest model met the following three criteria: 1. The model itself had a nonsignificant x 2 value.
2. The x diff 2 of the model from comparison to the adjacent less restrictive model was not significant. This means that the model fit as well as the next less restrictive model, so that the more complicated model was not needed.
3. The x diff 2 of the model (except for the intercept model) from comparison to the more restrictive model immediately above was significant, which means that the more restrictive model did not fit as well, so that the model found was necessary for a good account of the data.
The results of model search were are largely consistent with those of the earlier tests of the logit model for all subjects. For all American subjects, except for Subject 7, the simplest model that fit well was the logistic model, in which F1 and F 3 effects are linearly related to the logit (which is a monotone transform of the probability responding /r/ ) responses. For Subject 7, results were fit with either a model with linear F1 effect and nominal F 3 effect or a model with linear F 3 and nominal F1.
For the Japanese subjects, the final models (shown in Table 6 ) were quite varied. The 2 subjects with the worst performance were best fit by the model with a single response tendency parameter (i.e., the intercept); they did not show discrimination in either F1 or F 3. There was also a tendency for the subjects with much better performance to have discrimination in both F1 and F 3. However, it also seems that many of the Japanese subjects lacked at least one of the F1 and F3 discriminations, even though some of them still attained a high performance level in natural speech.
A cautionary note about the "simplest" model obtained is in order. The logistic models found for most of the American subjects are subject to the ranges of the F1 and F 3 levels studied. If these levels were extended to larger ranges, one could anticipate that the F1 and F 3 effects on the logit responses would no longer be linear. There- fore, we emphasize here that the logistic model, even though more precise, may not apply to other situations. It is safe, however, to start with the additive logit response model, as done here, as a basic model for accounting for the response pattern. It is quite clear that the present results provide no support for the inclusion of an interaction term in fitting these data.
The finding of no need for an interaction term in modeling these data suggests that the perception of the difference between /r/ and /l /, by both native and nonnative speakers of English, can be explained by perceptual models in which information from different cues is combined in an independent (or additive) fashion (Massaro & Oden, 1995; Oden & Massaro, 1978) . The modeling provides no support for perceptual models in which information is combined in an interactive fashion (e.g., Pitt, 1995a Pitt, , 1995b , though, as we argued in the introduction, there is no necessity that information combination be exclusively independent or exclusively interactive. The present finding does have implications for the characterization of perception of /r/ and /l / that has been advanced in trading-relations studies of F 3-onset frequency and F1-transition duration as cues to /r/ and /l /. Strange (1985, p. 1194) argued that the dependence of discrimination results on the consistency with which F 3 and F1 cues supported /r/ versus /l / percepts indicated that the two cues are perceived in relation to each other. The finding here of support for an additive model of combining information indicates that perceiving the two cues in relation to each other is unlikely, though discrimination of tokens of phonetic segments may very well rely on the distinguishing phonetic categories that are perceived on the basis of additive cue combination.
Perception of Natural and Synthetic Speech for Japanese Subjects
Our model fits show that there is substantial variation among Japanese subjects in their use of the F1 and F 3 cues for purposes of classifying the synthetic speech sounds: Some subjects use both cues, some use F 3 but not F1, and some use F1 but not F 3, and some use neither cue. In addition to showing effect sizes for the F1 and F 3, Table 5B shows the individual subjects' accuracy in identifying natural speech /r/ and /l / in nonfinal position. For ease of observing relations between the perception of natural and synthetic speech, the results for the subjects have been ordered from best performance to worst performance on the natural-speech measure. The results show that the three best performing subjects showed significant effects of both F1 and F 3 in perception of synthetic speech. In contrast, the two worst performing subjects did not show significant effects of either F1 or F 3. The subjects who lacked significant effects of only one cue were scattered through the middle range of performance on the natural-speech task, though use of F 3 was more important than use of F1, as indicated by the fact that the 3 subjects who lacked F 3 were the 3 worst performing subjects, whereas 1 of the subjects who lacked F1 was among the top half on performance of the naturalspeech task.
A quantitative measure of the relation between use of the synthetic speech cues and accuracy in perceiving the natural-speech tokens is provided by the correlation between effect sizes for the synthetic dimensions and accuracy in natural-speech recognition. The correlation between F1 effect size and natural-speech accuracy is .699 ( p < .025), and the correlation between F 3 effect size and natural-speech accuracy is .838 ( p < .002). Stepwise multiple regression showed that F 3 effect size enters the model first and plays a significant role in predicting natural-speech accuracy. In contrast, F1 effect size does not enter into the regression model, indicating that F1 effect size does not account for unique variance in naturalspeech accuracy beyond what is accounted for by F3. This pattern suggests that ability to use F3-onset frequency is more important than ability to use F1-transition duration for Japanese speakers perceiving the /r/-/l / distinction. Our use of the logit (or the logistic) variant of the independent-cue model provides parameter estimates with scale properties that allow the use of techniques like linear regression. Crowther, Batchelder, and Hu (1995; see also McClelland, 1991, and Oden, 1979) have shown that the multiplicative form of the independent cue model (Oden & Massaro, 1978) yields nonunique parameter estimates due to a scaling indeterminancy. In the logit form of the model, this indeterminancy appears in the absolute magnitude of the bias and cue-derived parameters. For example in Equation 2, a constant could be added to the bias parameter and subtracted from all the F 3 parameter estimates, yielding a model with identical fit to those reported above. However, the differences between the parameters for the different levels of F 3 and F1 cues remain constant in such a transformation. It is these differences between levels of the parameters for F 3 and F1 cues that are used in the regression analyses. Accordingly, use of the logit form of the independent-cue models allows the parameter estimates to be used in linear models. Yamada and Tohkura (1992) observed a strong correlation between accuracy in perceiving natural /r/-/ l / contrasts and the perception of a synthetic /r/-/ l/ continuum. They did so by correlating percent correct on natural /r/-/l/ with average consistency in classifying individual synthetic tokens. The present analysis provides further insight into that correlation by relating naturalspeech performance to measures derived from an explicit model of how acoustic cues contribute to the classification of synthetic sounds. Doing so shows that use of F 3-onset frequency predicts performance on natural speech. The finding of a strong relationship between the perceptual use of specific cues in synthetic speech and the accuracy of perceiving natural speech suggests that the different levels of success that have been observed in using synthetic speech (Strange & Dittmann, 1984) and natural speech (Pisoni et al., 1994) to train Japanese listeners to perceive the /r/-/ l/ distinction does not occur because synthetic and natural speech tap different perceptual mechanisms. The finding also suggests that the changes in perceptual processing due to training with natural speech could be investigated with synthetic speech.
DISCUSSIO N
The results of our analyses of the perception of synthetic and natural /r/ and /l / yield progress toward the three goals of the experiment: (1) to evaluate models of the perception of synthetic /r/ and /l/ by American English speakers, (2) to evaluate such models for Japanese speakers, and (3) to determine whether variation among Japanese speakers in the ability to recognize natural /r/ and /l / is related to their ability to encode specific acoustic cues in synthetic /r/ and /l /.
A logit model, in which the acoustic information in F1 and F 3 is combined additively, provides an excellent account for the perception of synthetic /r/ and /l / by American subjects. The model successfully fit data from each subject and also successfully fit group data from all the subjects. This supports the basic claim of Oden and Massaro (1978) concerning the independent contributions of different acoustic dimensions to the classification of speech sounds. In Oden and Massaro's analysis, information from acoustic cues is assessed independently and then combined. In the model we developed, information from the two independent acoustic cues is combined additively, because, in a logit-linear model, products are transformed into sums. The parameter estimates obtained in this way are unique to the level of an additive constant and therefore can be related by linear models to other measures, an advantage not shared by the multiplicative model of Oden and Massaro (1978; cf. Crowther et al., 1995) .
No evidence was found in our analyses for interactive interpretation of the basic stimulus features. The questions of whether and when perception involves additive or interactive interpretation of cues are interesting and important. It may be that interaction is observed in cases in which processing is made difficult either through data limitations, such as those that arise in such techniques as the backward-masking paradigm used to demonstrate the word superiority effect (McClelland & Rumelhart, 1981) , or through resource limitations, such as those found under speed stress (Pitt, 1995b) or reduced attention (Gordon, Eberhardt, & Rueckl, 1993) . In addition, demanding tasks such as discrimination may be more likely to show interactive effects than simpler tasks such as classification (Polka & Strange, 1985) . To the extent that the presence of interactive effects in the perception of different features depends on data limitations, resource limitations, and other task demands, such effects should be approached from a modeling framework that characterizes the dynamic processing mechanisms involved in perception rather than from a modeling perspective that focuses exclusively on how different types of information are combined. The present study, focusing on combinations of different types of information in a nondemanding task, shows that an additive model provides a sufficient account of performance when competent speakers make classification judgments on a distinction present in their native language.
A single logit model did not have the same uniformly high level of success in fitting results from the Japanese subjects. Seven of the 12 Japanese subjects showed significant effects of both F1 and F 3, whereas the other 5 subjects failed to show effects of one of the features or of both features. A group model failed to fit the data from all the Japanese subjects, although a group model did successfully fit data from the subset of Japanese subjects who showed significant effects of both F1 and F 3. Even for this skilled group of Japanese subjects, the magnitude of the effects of the cues was smaller than for the group model fit to the American subjects. The results show that an additive logit model can successfully indicate whether subjects are responsive to specific acoustic cues in attempting to perceive nonnative contrasts.
The results of the research show a strong relation between the accuracy of Japanese subjects in recognizing natural /r/ and /l / and in using the acoustic information in the synthetic speech sounds. In particular, variation in natural-speech recognition accuracy is strongly related to ability to use F 3-onset frequency in classifying synthetic speech. In addition to providing information about the acoustic basis of /r/-/l/ perception by Japanese speakers, the finding of a strong relation between natural and synthetic speech perception provides external validation of the model-fitting results obtained with synthetic speech. Previous work modeling the use of acoustic cues in speech perception has relied solely on the fits of models to judgments of the synthetic speech sounds. By showing that the parameters of a model fit to judgments on synthetic sounds are related to accuracy in recognizing natural speech, the present research shows that the logit model incorporating additive cue effects yields valid predictions beyond the domain of the data on which it was developed. midrange probabilities. WLS estimation provides a principled approach
